The mucolipin TRP (TRPML) proteins are a family of endolysosomal cation channels with genetically established importance in man and rodent. Mutations of human TRPML1 cause type IV mucolipidosis (ML4), a devastating pediatric neurodegenerative disease. Our recent electrophysiological studies revealed that while a TRPML1-mediated current can only be recorded in late endosome and lysosome (LEL) using the lysosome patchclamp technique, a proline (Pro) substitution in TRPML1 (TRPML1
The mucolipin TRP (TRPML) proteins are a family of endolysosomal cation channels with genetically established importance in man and rodent. Mutations of human TRPML1 cause type IV mucolipidosis (ML4), a devastating pediatric neurodegenerative disease.
Our recent electrophysiological studies revealed that while a TRPML1-mediated current can only be recorded in late endosome and lysosome (LEL) using the lysosome patchclamp technique, a proline (Pro) substitution in TRPML1 (TRPML1
V432P
) results in a large whole-cell current. Thus, it remains unknown whether the large TRPML1
-mediated current results from an increased surface expression (trafficking), elevated channel activity (gating), or both. Here we performed systemic Pro substitutions in a region previously implicated in the gating of various 6 transmembrane (TM) cation channels. We found that several Pro substitutions displayed gain-of-function (GOF) constitutive activities at both the plasma membrane (PM) and endolysosomal membranes. While wild-type TRPML1 and non-GOF Pro substitutions localized exclusively in LEL and were barely detectable in the PM, the GOF mutations with high constitutive activities were not restricted to LEL compartments, and most significantly, exhibited significant surface expression. Since lysosomal exocytosis is Ca 2+ -dependent, constitutive Ca 2+ permeability due to Pro substitutions may have resulted in stimulusindependent intralysosomal Ca 2+ release, hence the surface expression and whole-cell current of TRPML1. Indeed, surface staining of lysosome associated membrane protein 1 (Lamp-1) was dramatically increased in cells expressing GOF TRPML1 channels. We conclude that TRPML1 is an inwardly rectifying, proton-impermeable, Ca Introduction TRPML1, TRPML2, and TRPML3 are members of the mucolipin family of transient receptor potential (TRPML) proteins believed to encode ion channels of intracellular endosomes and lysosomes (1) (2) (3) (4) (5) (6) (7) . Recently, the physiological importance of TRPML channels was established genetically. Mutations of human TRPML1 cause type IV mucolipidosis (ML4), a devastating neurodegenerative disease in young children (8) (9) (10) . Patients with ML4 exhibit motor defects, mental retardation, retinal degeneration, and irondeficiency anemia (7, (11) (12) (13) . Mice with mutations in TRPML3 (varitint-waddler, Va mice) are deaf and have vestibular and pigmentation defects (14) (15) (16) (17) (18) (19) . Mutations in TRPML in C. elegans and Drosophila also result in ML4-like phenotypes at the cellular and/or animal levels (20, 21) . The broad-spectrum phenotypes of both ML4 and Va appear to result from certain aspects of endolysosomal dysfunction (7) . Lysosomes, traditionally believed to be the terminal "recycling centers" for biological "garbage", were recently found to play indispensable roles in multiple intracellular signaling pathways (22, 23) . The putative endolysosomal function(s) of TRPML proteins, however, remain unclear, largely due to the lack of a reliable functional assay for these intracellularly-localized proteins.
A spontaneous mutation in mouse TRPML3 has shed some light on the physiological functions of TRPML channels. This alanine-toproline (Pro) mutation in TRPML3 at the cytoplasmic face of the predicted TM5 (TRPML3
A419P

or TRPML3
Va ) causes the vestibular and pigmentation defects of the Va phenotypes. Recently, four groups concurrently and independently reported that the Va mutation dramatically increases the whole-cell current of cells expressing TRPML3 (16) (17) (18) (19) . While the current mediated by wild-type (wt) TRPML3 (I TRPML3 ) is relatively small and can be potentiated by extracellular Na + manipulation (removal followed by readdition), I TRPML3-Va is large and cannot be further activated by Na + manipulation (17, 24) . Thus, TRPML3
Va is referred to as a gain-of-function (GOF) mutation (25) . Furthermore, since Pro introduction into a transmembrane α-helix often causes kinks, hinges, or swivels (26), the "helix-breaking effect" of Pro was proposed to lock the TRPML3
Va channel in an unregulated and "open" state (25) . Moreover, a Pro scan of the whole TM5 of TRPML3 revealed multiple additional GOF Pro substitutions (16). It is not known whether these additional GOF mutations behave identically or similarly to TRPML3
Va . The subcellular localization and electrophysiological functions of TRPML1 appear to differ significantly from those of TRPML3. While a significant portion of overexpressed TRPML3 localizes at the plasma membrane (PM), TRPML1 almost exclusively localizes in the late endosome and lysosome (LEL) (4, (16) (17) (18) (19) 27) . Consistent with this, TRPML3 but not TRPML1 displays a significant whole-cell current (18) . The channel biophysical properties of TRPML1, however, remain controversial. TRPML1 has been reported to be an outwardly rectifying current (28) (29) (30) (31) , a proton-permeable channel (32, 33) , or a NAADP-activated Cs + -permeable channel with a linear I-V (34, 35) . Disagreement also exists as to whether I TRPML1 is inhibited (28, 30) or potentiated (18) by protons.
Pro substitution into TRPML1 at the comparable position of the Va locus of TRPML3 was shown to display a strong inwardly rectifying proton-impermeable cationic current that is potentiated by low pH (18) .
Although TRPML1
Va
has been successfully used to extrapolate the functions of TRPML1 in LEL (27) , it is possible that some channel properties of TRPML1
Va may not reflect those of wt TRPML1 per se. The Va mutation might alter both the gating and pore properties of the TRPML channel (19, 24, 25) . Nevertheless, I TRPML1 recorded in LEL (lysosomal I TRPML1 ) is reportedly inwardly rectifying (27) , consistent with the I-V of whole-cell I TRPML1-Va .
Understanding the mechanisms of the Vainduced large whole-cell current of TRPML1 may provide insight into the gating and/or trafficking mechanisms of TRPML1. TRPML1 proteins reportedly traffic to the PM via Ca 2+ -dependent lysosomal exocytosis (36) . One of the major sources of Ca 2+ is from the lysosome itself (22) . As a Ca 2+ -permeable channel, TRPML1 activation may lead to lysosomal exocytosis, hence the surface expression of the channel. Therefore, the effects of the Va mutation may result from increased surface expression ("trafficking"), elevated or constitutive channel activity ("gating"), or both.
In this study, we obtained several additional GOF Va-like mutations and related the channel activities of these mutants to their subcellular localizations and surface (PM) expression.
Methods
Molecular biology and histocytochemistry. Full length mouse TRPML1 was cloned into the EGFP-C2 vector (Clontech) or mCherry as described previously (18, 27) . Proline mutations were constructed using a site-directed mutagenesis kit (Qiagen). All constructs were confirmed by sequencing analysis, and protein expression was verified by Western blotting. HEK293T cells were transiently transfected with wt TRPML1 or Pro-substituted TRPML1channels for electrophysiology, confocal imaging, and Mn 2+ quenching assays. Confocal images were taken using a Leica (TCS SP5) microscope. The Lamp-1 antibody was from the Iowa Hybridoma Bank. The surface expression of Lamp-1 was detected using a mouse monoclonal antibody (H4A3) against the luminal epitope of human Lamp-1 on non-permeabilized cells (37) .
Immunodetection
of TRPML1 Surface Expression. Cell surface proteins were isolated by using Piece Cell Surface Protein Isolation Kit (Pierce) with some modifications. In brief, HEK293T cells were cultured in poly-lysinecoated 10cm dishes and transfected with Pro mutations using Lipofectamine (Invitrogen). After 18h, cells were washed twice in ice-cold PBS (pH 8.0) and then incubated with 0.5mg/ml EZ-Link sulfo-NHS-SS-Biotin (Pierce) in PBS for 30 min at 4 o C. After 30 min, cells were washed with PBS (3X), quenched with 500μl Quenching Solution (Pierce), and rinsed with TBS (3X). Cells were lysed and sonicated in 500μl of RIPA buffer (50mM Tris, 150mM NaCl, 1% Triton X-100, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 1X protease inhibitor cocktail (Roche). Cell lysates were then centrifuged at 10,000 x g for 5 min in 4 o C. Supernatant was added to 200μl of 50% slurry of Neutravidin TM Agarose (Pierce) and incubated for 1 hour at room temperature. This mixture was washed three times in RIPA buffer. The proteins were eluted from the Neutravidin TM Agarose by heating at 95 o C for 5 min in 2X SDS-PAGE sample buffer. TRPML1 proteins were detected by Western blotting with the anti-GFP antibody 1:5000 (Covance) Mammalian cell electrophysiology. Recordings were performed in transiently transfected HEK293T cells as described previously (18, 27 + solution contained 150 mM NMDG, 10 mM Glucose, 10 mM MES, 10 HEPES, with the pH adjusted to 4.6 using methanesulfonic acid. The Zero Divalent solutions contained 10 mM glucose, 20 mM HEPES, 160 mM NaCl, 5 mM KCl (pH 7.4; free Ca 2+ <1-10 μM). All solutions were applied via a perfusion system that achieved complete solution exchange within a few seconds.
Data were collected using an Axopatch 2A patch clamp amplifier, Digidata 1440, and pClamp 10.0 software (Axon Instruments). Whole-cell currents and single channel recordings were digitized at 10 kHz and filtered at 2 kHz. The capacity current was reduced as much as possible using the amplifier circuitry. Series resistance compensation was 60-85%. All experiments were conducted at room temperature (~21-23ºC) and all recordings were analyzed with pCLAMP10 (Axon Instruments, Union City, CA) and Origin 7.5 (OriginLab, Northampton, MA).
Endolysosomal
electrophysiology. Endolysosomal patch clamping experiments were performed as described previously (27) . Briefly, HEK293T cells were transfected with either EGFP-TRPML1 alone, or cotransfected with mCherry-TRPML1 and EGFP-Lamp1 (a marker for LEL). Cells were treated with 1-2 μM vacuolin-1 (for 1-2 h) to increase the sizes of the endosomes and lysosomes (38) . Vacuoles positive for EGFP-Lamp1 are enlarged LELs (27) . Lysosome lumenal-side-out recordings were performed on isolated enlarged LELs, obtained by pressing a patch pipette against a cell and then quickly pulling away from the cell to slice the cell membrane. The enlarged LEL was released into the dish and identified by monitoring the TRPML1-EGFP, TRPML1-mCherry, or Lamp-1 EGFP fluorescence. Data analysis Data are presented as the mean ± SEM. Statistical comparisons were made using analysis of variance (ANOVA). A P value < 0.05 was considered statistically significant.
Ca
Results
To identify additional Va-like mutations in TRPML1 that lead to plasma membrane (PM) expression and measurable whole-cell currents, we constructed 20 Pro substitutions near the Va locus in the S4-S5 linker and the bottom half of TM5 (Fig. 1A) . This region was previously implicated in the channel gating of various 6TM channels, including TRP channels (25, 39) . Proline-substituted TRPML1 channels were then transiently expressed in HEK-293T cell lines. To monitor expression, TRPML1 was fused to enhanced green fluorescent protein (EGFP) at its N-terminus (18, 27 ] i ) levels of wt TRPML1-transfected HEK293T cells were similar to those of non-transfected cells (Fig. 1B,  1E ). Thus, consistent with prior localization studies (3, 4, 27) , wt TRPML1 was not localized and/or functional at the PM. In contrast, elevated [Ca 2+ ] i levels were seen in most TRPML1
Vatransfected cells (Fig. 1C, 1F ] i levels (fura-2 ratio> 2), Ca 2+ removal only slightly decreased the Fura-2 ratios (Fig. 1F) ] i levels were observed in another proline substitution, TRPML1 R427P ( Fig.  1D, 1G ). In contrast, no significant alterations in the basal [Ca 2+ ] i levels were observed in other Pro substitutions (Fig. 1H) . Thus, the Va locus and its vicinity at the cytosolic side may be the only areas susceptible to Pro substitutions. Together, these results indicate that TRPML1
and TRPML1
C431P were also TRPML1 Va -like GOF mutations.
Next, we investigated whether these channels with proline substitutions were also permeable to heavy metal ions, as is the case for TRPML1 Va (27) . Because heavy metals such as Mn 2+ and Fe
2+
can bind Ca
-sensitive Fura-2 dyes with higher affinity, resulting in a strong decrease of the fluorescence via quenching (27, 40) , we adopted a fluorescence-based Mn 2+ quenching assay using Fura-2 (F360). While no significant quenching was seen in TRPML1-expressing cells ( Fig. 2A,  2D ), substantial quenching was seen in TRPML1
-expressing cells with addition of 1 mM Mn 2+ (pH 4.6) into a low pH (pH 4.6) external bath solution (Fig. 2B, 2E ). The low pH situation was designed to mimic the acidic environment of LEL (27) . Increased quenching was observed with the addition of higher concentrations of Mn 2+ (10 mM, pH 4.6). In contrast, no significant quenching was detected in neighboring EGFP-negative cells (Fig. 2B) 
R427P
-expressing cells (Fig. 2C,  2F ), suggesting that TRPML1 R427P was a partially active Mn 2+ -permeable channel. To investigate the detailed mechanisms of Pro-induced GOF TRPML1 channel functions and to compare the biophysical properties of these channels with TRPML1
Va , we performed wholecell patch-clamp experiments on HEK293T cells expressing these proline substitutions. In response to a voltage ramp protocol, no significant current was detected in TRPML1-expressing cells (Fig.  3A) . The average TRPML1-mediated current (I TRPML1 ) at -80 mV was only 1.2 ± 0.2 pA/pF (mean ± SEM, n = 21), which was not significantly different from that of nontransfected cells (data not shown). However, all the GOF Pro mutations displayed strong inwardly rectifying ramp currents (Fig. 3B-E ) in a standard, modified Tyrode extracellular bath solution. The average TRPML1 V432P (TRPML1 Va ) -mediated current (I TRPML1-V432P ) was -99.7 ± 7.3 pA/pF at -80 mV (mean ± SEM, n = 40; Fig. 3F ). I TRPML1-C430P and I TRPML1-C431P were 82.0 ± 12.1 pA/pF (n = 10) and -156.2 ± 23.6 pA/pF (n = 15), respectively. A much smaller current was seen in TRPML1 R427P -expressing cells; I TRPML1-R427P was only 12.3 ± 2.6 pA/pF (n = 17), ~ 8 fold smaller than I TRPML1-V432P .
A hallmark feature of I TRPML1-Va is its dramatic potentiation upon removal of divalent cations from the bath solution (18) . We therefore studied the effects of divalent removal on GOF proline substitutions. All the GOF currents (I TRPML1-C430P , I TRPML1-C431P , I TRPML1-V432P , and I TRPML1-R427P ) were significantly potentiated by divalent removal. However, the degree of potentiation differed considerably for individual GOF mutations. At -80 mV, I TRPML1-V432P and I TRPML1-C430P were both potentiated ~ 8 fold while I TRPML1-C431P and I TRPML1-R427P were only potentiated ~ 3 and ~ 4 fold, respectively. These results suggest that GOF proline substitutions introduce different gating effects on the TRPML1 channels. In contrast, all currents (I TRPML1-C430P , I TRPML1-C431P , I TRPML1-V432P , and I TRPML1-R427P ) showed similar sensitivity to the trivalent blockers La 3+ ( Fig. 3B-E) and Gd 3+ (data not shown). La 3+ (100 µM) inhibited > 80% of I TRPML1-C430P , I TRPML1-C431P , I TRPML1-V432P , and I TRPML1-R427P (Fig. 3G) .
We also examined the kinetics and voltagedependence of I TRPML1-C430P , I TRPML1-C431P , I TRPML1-V432P , and I TRPML1-R427P . In response to a voltage step protocol ( Fig. 4A ; from -120 mV to +80mV with a 20 mV increment), strong inwardly rectifying step currents (Fig. 4C-F) were seen in HEK293T cells expressing GOF proline mutations. Similar to I TRPML1-V432P , I TRPML1-C430P and I TRPML1-C431P did not exhibit any significant inactivation over time or in response to voltage changes ( Fig. 4C-E) . I TRPML1-R427P behaved differently by exhibiting a certain degree of at University of Michigan on July 28, 2009 www.jbc.org Downloaded from inactivation at negative potentials (Fig. 4C) , kinetics that are similar to TRPML3-mediated currents ( (18)). These results suggest that Pro substitutions affect the pore/gating properties of the TRPML1 channel.
Since wt TRPML1 localizes to the acidic LEL of cells, the proton-dependence of TRPML1 is likely to be of physiological importance (22) . TRPML1 has been reported to be a proton channel (32, 33) or a cation channel that is inhibited by low pH (28, 30) . However, we recently showed that TRPML1
Va is impermeable to protons but up-modulated by low pH (18, 27) . It is possible, although unlikely, that the V432P (Va) mutation somehow masks the proton permeation pathway and alters the pH regulation. We did not observe the wt TRPML1 current in standard whole-cell recordings, but did detect the current in the whole-lysosome configuration (27) . Unfortunately, the latter is a very difficult configuration for studying proton regulation and permeation. Having obtained additional GOF mutations, we next tested the proton-dependent properties of these channels.
To mimic the acidic environments of the endosomes and lysosomes that the extracellular side (analogous to the intralysosomal luminal side) of the wt TRPML1 protein is exposed to, extracellular solutions were adjusted to pH 4.6 (the approximate lysosomal luminal pH). Background pH-activated Cl -conductance was reduced by using gluconate -or Mes -to replace most of the Cl -(remaining [Cl -] o = 5-10 mM) in all low-pH bath solutions (18, 27, 41) . Consistent with our previous report (18) , I TRPML1-V432P was potentiated by ~ 2.4 fold by low pH (Fig. 5E) . Similarly, proton-induced potentiation was also seen for two other GOF channels, I TRPML1-C430P and I TRPML1-C431P (Fig. 5C-F) . In contrast, no evident proton potentiation was seen for I TRPML1-R427P (Fig. 5B) .
No significant inward current was detected in any of the GOF TRPML1 channels when NMDG + was the only major cation in the bath (pH 4.6, Fig.  5B-F) . At -80 mV, the current amplitude in the low pH NMDG solution was usually < 30 pA, much smaller than the current in the low pH Tyrode solution (usually > 1000 pA), but comparable to the current under the same conditions in nontransfected cells. These results indicate that GOF TRPML1 channels do not exhibit any significant proton permeability are thus proton-impermeable.
Western blot analyses on HEK293T cells expressing wt or mutant TRPML1 indicated that the TRPML1 Pro substitutions did not dramatically change protein expression, since the total expression level of each GOP mutation protein was comparable to that of wt TRPML1 (Fig. 6) . Two other potential explanations for why whole-cell currents were recorded in the GOF Pro mutant TRPML1-expressing cells, but not in the wt TRPML1-expressing cells are that the GOF mutations may have increased either the channel surface expression ("trafficking" hypothesis) or the channel activity ("gating" hypothesis). To distinguish between these possibilities, we investigated the subcellular localization of all GOF mutations, as well as some other neighboring Pro substitutions that failed to produce whole-cell currents (non-GOF Pro substitutions; Fig. 7) . Consistent with our previous reports (27) , the confocal imaging of EGFP-TRPML1-transfected, fixed HEK293T cells indicated that TRPML1 primarily localized in Lamp1-positive compartments, i.e, the late endosomes and lysosomes (Fig. 7A) . The Pearson's coefficient of colocalization between Lamp-1 and wt TRPML1 was > 0.8 (Suppl .  Table 1 ). Similar colocalization was also seen in cells transfected with EGFP-TRPML1 A433P (Fig.  7B, 7F) .
In contrast, EGFP-TRPML1
C430P
, EGFP-TRPML1
C431P
, and EGFP-TRPML1
V432P
were all localized in compartments throughout the cells, including Lamp1-positive compartments (Fig. 7C-E) . The Pearson's coefficients of colocalization for these GOF Pro substitutions were only about 0.3-0.4 (Suppl. To further investigate the effect of Pro substitutions on channel trafficking, we measured surface expression of TRPML1 channels by the standard biotinylation method (see Methods). Little or no expressed protein was biotinylated for wt TRPML1 or TRPML1 A433P (Fig. 6) . In contrast, significant amount of protein was biotinylated for all GOF Pro substitutions (TRPML1
C430P
, TRPML1
C431P
, and TRPML1
V432P
).
On average, the amount of surface expressed (biotinylated) of TRPML1 proteins was about 10-fold less (11 ± 3%, n=3) than that of TRPML1
. An intermediate level of biotinylation was seen for TRPML1
R427P
. These results suggest that Pro substitutions, either directly or indirectly, increased surface expression of TRPML1 channels.
To explore the primary effect of Pro substitutions on TRPML1, we performed patchclamp recordings directly on native LEL membranes (Fig. 8) . In TRPML1
Va -expressing enlarged LEL, large inwardly rectifying currents were seen under the lysosome lumenal-side-out configuration. Similar currents were seen in TRPML1 C430P -or TRPML1
C431P
-positive LEL vacuolar membranes (Fig. 8C, 8D) . Conversely, no significant current was observed in wt TRPML1 or TRPML1
R427P
-expressing LEL (Fig.  8A, 8B) . A small inwardly rectifying current was detectable for TRPML1 R427P after the divalent cations were removed from the bath solution (Zero Divalent; Fig. 8B ). All TRPML1 variants (TRPML1, TRPML1
, and other GOF TRPML1 channels) appeared to have comparable expression levels in LEL, as reflected in the EGFP fluorescence intensity. These results suggest that one of the primary, if not the sole, effects of the Pro substitutions was on TRPML channel gating.
One possible route by which the GOF mutations could get to the PM is by enhanced fusion of lysosomes with these mutant TRPML1 channels. If this is occurring, then other lysosomal membrane proteins should also be detected in the PM of cells expressing GOF mutants. To probe this possibility, we used Lamp-1 surface staining to monitor the PM trafficking of lysosomal membrane proteins, such as TRPML1 (37) . Non-transfected or TRPML1-transfected cells did not exhibit significant Lamp-1 surface staining (Fig. 9A) , suggesting a low rate of lysosomal exocytosis. However, in cells transfected GOF Pro mutations, evident punctuate Lamp-1 staining was seen in most transfected cells (Fig. 9B-E) . TRPML1
R427P exhibited an intermediate level of Lamp-1 surface staining (Fig. 9B & 9H) . The Lamp-1 staining appeared to be in the cell surface based on its colocalization with a plasma membrane marker (Fig.  9F) (Fig. 9H) . These results suggest that GOF Pro mutations induce a high level of lysosomal exocytosis via a lysosome-dependent mechanism.
Discussion
In this study, by performing systemic Pro substitution on 20 amino acid residues around the Va spot, we obtained several additional GOF Valike mutations that displayed gain-of-function (GOF) activities at both the PM and endolysosomal membranes. Each Pro-substituted GOF TRPML1 channel displayed inwardly rectifying currents that were carried by Ca 2+ or Mn , but not by protons. While wild-type TRPML1 and non-GOF Pro substitutions localized exclusively in LEL, the GOF mutations with high constitutive activities exhibited significant surface (PM) expression. Consistent with a role of TRPML1 in Ca 2+ -dependent lysosomal exocytosis, Lamp-1 surface staining was dramatically increased in cells expressing GOF TRPML1 channels. We conclude that TRPML1 is an inwardly rectifying, protonimpermeable, cation channel that may be gated by unidentified cellular mechanisms through a Although the genetic importance of TRPML proteins is well established (8-10,13,14,21,42,43), their normal physiological functions remain unclear. At least three important queries remain to be addressed for these putative intracellular ion channels: what their biophysical and permeation properties are, how they are gated or activated by cellular cues, and how they are trafficked to the LEL and/or PM. In contrast with most other TRP channels, these three aspects of TRPML channels are interrelated. For example, the exocytosis of lysosomal contents is regulated by the release of intralysosomal Ca 2+ into the cytosol (22,37). Therefore, cytosolic or lumenal stimulation ("gating") of a Ca 2+ -permeable lysosomal channel ("permeation") would trigger the surface expression ("trafficking") of this channel protein.
In addition, inwardly rectifying ("permeation") but not outwardly rectifying Ca 2+ channels are more likely to mediate the release of intralysosomal Ca 2+ from the lumen into the cytosol.
Properties of TRPML channels may explain some of the controversies in the TRPML field. For example, due to the coupled mechanisms of "gating" and "trafficking", intracellular TRPML channels may also appear in the PM depending on the presence of certain cellular mechanisms that can activate these channels. These activation cues might be generated upon certain stimulations or may be present only in specialized cells. Since the excess overexpression of proteins may dysregulate the cellular pathways, the trafficking and properties of TRPML channels might be affected in an expression system-specific manner. Since the steady-state location of TRPML channels are LEL (4, (16) (17) (18) (19) 27) , it is likely the primary function of TRPML is endolysosomal. Nevertheless, it remains possible that TRPML channels might also function in the PM in certain cell types under specific cellular stimulations.
Lysosomes containing constitutively active TRPML1 channels may undergo un-regulated exocytosis. Lysosomes can undergo Ca 2+ -dependent regulated exocytosis in almost all studied cell types (37, 44) . Although intralysosomal Ca 2+ release is the proposed initiative step, the triggering mechanism for lysosomal Ca 2+ release remains unknown. Lysosomes are heterogeneous, but it was recently shown that TRPML1-positive lysosomes can undergo exocytosis (36) . Moreover, TRPML1 itself appears necessary for exocytosis. It is possible that, upon unidentified cellular stimulations, TRPML1 mediates intralysosomal Ca 2+ release to trigger lysosomal exocytosis. Since GOF TRPML1 Pro substitutions displayed high channel activity in LEL, exocytosis is expected to be high for these lysosomes, which was demonstrated in the current study by using Lamp-1 surface staining. Consistent with this, Pro substitutions with large currents, i.e., TRPML1
C430P
C431P
V432P
, all appeared to be localized throughout the cells including the PM, as shown in the biotinylation experiment and reflected by their large whole-cell currents. In contrast, non-GOF (TRPML1
A433P
) and low-activity (TRPML1
R427P
) Pro substitutions mainly localized in the LEL. It is worth noting that only a small portion of TRPML1 can be biotinylated.
Consistent with this, immunostaining analysis suggests that the amount of Lamp-1 in the PM is only a small portion of the total Lamp-1 levels (data not shown). Therefore, only a small portion of GOF TRPML1 channels may have been inserted into the PM. Yet, large whole-cell currents are generated.
Since appearance of Lamp-1 surface staining is increased under Ca 2+ -free conditions, it is most likely that the increase of lysosomal Ca 2+ release directly results in the enhanced lysosomal exocytosis (37) . Lysosomal exocytosis is known to play important roles in several physiological processes including neurotransmitter release and membrane repair (36, 37, 45) . It is conceivable that TRPML1 may be involved in these physiological functions by mediating intralysosomal Ca 2+ release. Finally, in addition to the PM, lysosomes can also exchange materials with other vesicular compartments such as early and late endosomes (22, 23) . Therefore, TRPML1 might also be involved in these cellular processes.
The constitutive Ca 2+ channel activity of GOF Pro substitutions may have altered these intracellular trafficking pathways, contributing to the appearance of GOF Pro mutations in nonlysosomal intracellular compartments. In addition, TRPML channels may also be present in Golgi and ER during biosynthetic processes, which could also be Ca 2+ -dependent. Pro substitutions in TRPML1 cause two distinct but correlative effects: increased surface expression and GOF channel function. Recordings in LEL indicate that Pro substitutions induce GOF in the channel activity.
So this change of channel activity is likely to be the primary, if not the sole, effect of Pro substitutions. Both surface expression of TRPML1 (measured with biotinylation) and Lamp-1 surface staining are correlated with the GOF channel activity. Although it is possible, it is very unlikely that all Pro substitutions interfered the biosynthetic processing of TRPML1 proteins concurrently with the change of channel activity. Thus the simplest explanation of these results is that these effects, i.e., appearance of TRPML1 and Lamp-1at the plasma membrane, are secondary to the change of channel activity. The "helix-breaking effect" of Pro introduction may have interfered the conformational changes that normally occurred during channel activation gating. GOF Pro substitutions could have locked the TRPML1 channel in an unregulated and "open" state. Such mechanisms have been demonstrated in several other 6TM cation channels (16, 42, 46) . All GOF Pro substitutions are located in the cytoplasmic face of the TM5. Thus, it is possible that unidentified cellular mechanisms may activate wt TRPML1 via an conformational change in this S4-S5 linker region, which has been previously implicated in the gating of various 6TM cation channels (39, 42) . Increased TRPML1 channel activity or activation of TRPML1 may trigger intralysosomal Ca 2+ release, and subsequently the appearance of TRPML1 and Lamp-1at the plasma membrane.
The "gating-trafficking coupling theory" offers a potential explanation for the observed differences between TRPML3 and TRPML1. The substantial whole-cell TRPML3 current (17, 18) may result from the higher constitutive basal channel activity of TRPML3, especially during overexpression. In contrast, TRPML1 is likely to be more tightly regulated. Therefore, the wt TRPML1 current cannot be reliably detected at the PM of mammalian cells (3, 18) . In this regard, it would be misleading to refer to TRPML3 as a PM channel and TRPML1 as an LEL channel. Compared to TRPML3, which is readily trafficked to the PM, TRPML1 has far fewer GOF Pro substitutions in the area of the S4-S5 linker and TM5 (see Fig. 3 of ref. (16) ). The exact boundary between the cytosolic S4-S5 linker and TM5 may not be accurately predicted using bioinformatics, especially since LEL membranes are different from PMs (23) . However, the GOF Pro substitutions in TRPML1 appeared to be restricted to this boundary. It is plausible that TRPML1 channels are gated by unknown mechanisms via a conformation change close to the boundary.
Although major questions remain regarding the "gating" and "trafficking" mechanisms of TRPML channels, the "permeation" properties TRPML channels are relatively clear. Our results also suggest that some Pro substitutions may affect the channel pore properties. Therefore, caution is necessary when extrapolating the properties of GOF TRPML1 channels to the wt TRPML1 channel in LEL. For example, although very unlikely, wt TRPML1 in LEL may not be a pH-activated channel. However, since all GOF TRPML1 channels are proton-impermeable and Pro substitutions in these sites (R427, C430, C431, and V432) do not likely disrupt any proton permeation pathway, TRPML1 is unlikely to be a proton channel. Consistent with the I-V of wt TRPML1 in LEL, all the GOF TRPML1 channels are inwardly rectifying. Nevertheless, recent evidence suggests that the permeation might be affected by gating in certain TRP channels (47) . As a family of physiologically important channels, TRPML may represent a unique model for studying the relationships between permeation, gating, and trafficking. 
-expressing cells in a low pH NMDG solution. I TRPML1-R427P was relatively insensitive to low pH. C-E, Although I TRPML1-C430P , I TRPML1-C431P , and I TRPML1-V432P were enhanced at low pH (pH 4.6), in a low pH NMDG solution no significant current was detected in HEK293T cells expressing TRPML1
C430P
, TRPML1
C431P
, or TRPML1
V432P
. F, Normalized current amplitude of I TRPML1-R427P , I TRPML1-C430P , I TRPML1-C431P , and I TRPML1-V432P in the low pH solutions (Low pH Tyrode and low pH NMDG + solutions). 
